concept here in a large scale study. We have analyzed two population pairs of the house mouse, one pair of the subspecies M. m. domesticus and the other of M. m. musculus.
915 microsatellite loci chosen to cover the whole genome were assessed in a 35 prescreening procedure, followed by individual typing of candidate loci. Schlötterer´s ratio statistics (lnRH) was applied to detect loci with significant deviations from patterns of neutral expectation. For eight loci from each population pair we have determined the size of the potential sweep window and applied a second statistical procedure (linked locus statistics). For the two population pairs, we find five and four 40 significant sweep loci respectively, with an average estimated window size of 120kb.
Based on the analysis of individual allele frequencies, it is possible to identify the most recent sweep, for which we estimate an onset of 400-600 years ago. Given the known population history for the French-German population pair, we infer that the average frequency of selective sweeps in these populations is higher than 1 in 100 generations 45 across the whole genome. We discuss the implications for adaptation processes in natural populations.
3
The use of genome scans to detect signatures of selection in populations has 50 become popular, but has also run in a number of statistical problems (BISWAS and AKEY 2006; TESHIMA et al. 2006; THORNTON et al. 2007) . The general principle of any such scan is to detect deviations from the neutral expectation in the pattern of polymorphic markers. However, it has turned out to be difficult to develop appropriate models for neutral expectations, with respect to often unknown influences of population 55 demography and bottlenecks (HADDRILL et al. 2005) . The validity of many such studies has therefore been questioned and it is clear that at least some of the loci identified in the screens are due to the inherent evolutionary noise in population samples (BISWAS and AKEY 2006) . Most of these problems have arisen in the context of SNP based screens. SNPs have an inherent low mutation rate and the polymorphism patterns are 60 therefore the products of relatively long population histories, i.e. there is a high chance of undetected demographic perturbations. A focus on very recently separated populations with known population history is also difficult with SNPs, since there is only little variation in such closely related populations, which leads to a low statistical power (ZIVKOVIC and WIEHE 2008) . 65 An alternative to scans based on SNP markers are microsatellite genome scans (SCHLÖTTERER et al. 1997; HARR et al. 2002; KAYSER et al. 2003; PAYSEUR et al. 2002) . These have much higher mutation rates, providing sufficient variation in closely related populations and would reveal only recent selective sweeps. They are evaluated on the basis of a ratio statistic which has been shown to be quite robust against large 70 fluctuations in mutation rates and population sizes (SCHLÖTTERER 2002; KAUER et al. 2003) . In addition, it is possible to use a second level of analysis based on a set of linked microsatellites, providing an independent test for the confirmation of candidate loci. It is known that the false positive rate of this statistic is very low for the range of 4 bottleneck parameters which is relevant for the present study . 75
Hence, despite of the widespread critique on detecting signatures of selection in molecular datasets, there are promising statistical tools to do genome scans in recently diverged populations and to assess the frequency and nature of signatures of positive selection in natural populations.
We have developed the house mouse Mus musculus as a system for doing such 80 scans (IHLE et al. 2006) . Extending our previous study, we focus now specifically on population pairs from two different subspecies. The history of these populations is well understood, based on taxonomic and molecular data (GUÉNET and BONHOMME 2003; RAJABI-MAHAM et al. 2008) as well as fossil analysis (CUCCHI et al. 2005 an almost ten-fold higher marker density than in our previous study (IHLE et al. 2006) to assess these populations and to identify candidate loci for selective sweeps. Then, we determined the size of the sweep windows around candidate loci. This allows us to 110 extend the statistical analysis and to derive estimates for the selection coefficients that are involved. Our results confirm the existence of significant signatures of selection and a correlation with the population history suggests that these occur at high frequencies.
RESULTS 115
Genomescan: To obtain a broad genome scan we have chosen 960 loci randomly from all chromosomes, apart of the Y-chromosome, focusing on loci upstream of annotated transcripts. 915 of these could be amplified in all populations and showed a degree of polymorphism suitable for further analysis. To reduce the genotyping effort, we have employed a two step procedure. In the first step, we have 120 used pools of DNAs from 40 animals of each population and compared variability patterns for each locus, which allows us to retrieve the subset of loci with signs of population specific loss of polymorphism (THOMAS et al. 2007) . In the second step we 6 have typed these loci individually for about 40 animals from the respective population pairs. 125
We should like to emphasize that it is not possible to infer allele numbers or heterozygosities from the peak patterns of the prescreen, because long alleles are underrepresented due to an amplification bias and because they are blurred by the slippage bands that are associated with each allele (THOMAS et al. 2007 ). In addition, this set may contain false positives due to allele specific primer binding sites. Thus, the further 130 statistical analysis is solely based on the allele frequencies obtained in the second step.
Sweep statistics:
The pre-screen allowed to focus on the loci where a population specific reduction of the allele pattern was visible. These were then typed for approximately 40 individuals per population to allow statistical analysis.
To apply Schlötterer´s ratio statistics (SCHLÖTTERER 2002; KAUER et al. 2003) 135
we have in parallel created two reference sets for each subspecies (64 loci for M. m. domesticus and 52 loci for M. m. musculus). The loci for these sets were chosen randomly across the genome, but in the same general way as the test loci (see methods).
Although some of the loci in these reference sets may also have been subject to positive selection, this would only result in a broader distribution of lnRH, which would make 140 the test more conservative. Note that there is no evidence for an influence of recombination rate on the heterzygosity of microsatellite loci in mouse, most likely because of the high mutation rates of these loci (THOMAS et al. 2005) . (Table 1) .
Allele spectra: Examination of the allele spectra can provide important 155 additional information on the regions. Given the high mutation rates at microsatellite loci, one would expect that an allele that has been fixed due to positive selection at a linked site will quickly accumulate new mutations, i.e. the sweep signature will be lost.
However, there can be large differences in mutation rates, dependent on the length of the allele (BRANDSTROM and ELLEGREN 2008) . Accordingly, if a locus with a high 160 mutation rate flanks a locus with a low mutation rate, one would expect that it does not retain a significant sweep signature, although it may originally also have been affected by the sweep. This effect can be assessed when the allele spectra in the windows are further analyzed and can be used to make inferences on the relative age of the sweep. In the following we discuss this for two loci which can serve as examples. (Table 1) . In general we find that the statistical assessment and the assessment of the allele spectra are in good accordance. Only for region 10C1 9 we find no clear pattern in the allele spectra, yet the linked locus statistic is marginally significant (0.0467). On the other hand, for region 5E5 we find an indicative allele spectrum pattern, but the linked locus statistics is marginally not significant (0.078). 200
Hence the assessment of the allele spectra on their own is already a good predictor of the statistical outcome. This is not trivial, since different criteria are used for these assessments. The visual assessment, for example, does not use data from reference sets of loci, but is only based on general rules of microsatellite evolution, such as higher mutation rate of long alleles and the stepwise model. On the other hand, the statistical 205 evaluation cannot directly suggest whether the sweep is recent or old, because it ignores the size of the swept allele, but this can be inferred from the allele spectra.
Assessing the sizes of the sweep windows is complicated by the fact that the different microsatellite loci have different mutational characteristics. As an ad hoc measure, we use twice the size of the interval in which lnRH is less than lnRH(X)/2, 210 where lnRH(X) is the lnRH value observed at the sweep locus (see Methods). This results in a window size range from 20kb to 300kb (Table 1) , with an average of 126kb for the significant regions. In most cases there is only one gene annotated in the region.
The genes that are potentially affected do not fall into any particular category, rather they seem to reflect a more or less random subset of genes. 215
DISCUSSION
The general utility of using microsatellites for detecting selective sweeps has previously been demonstrated (HARR et al. 2002; IHLE et al. 2006; KANE and 220 RIESEBERG 2007 ). Here we show that our two-step procedure with pre-screens of pooled samples, followed by individual typing of candidate loci simplifies the procedure considerably, opening up the possibility to use them for large genome scans between closely related populations. Moreover, the combination of statistical procedures and visual inspection of allele spectra can provide additional confidence. Hence, we 225 consider the loci identified here as true candidates for selective sweeps. This allows making several general statements about the frequency and types of sweeps that can be found in natural populations of the house mouse. i.e. the current population can be considered to be close to equilibrium. The German and French populations are living under comparable ecological conditions. Although the French one is further in the South, it is also at a higher altitude, which compensates for latitude. Hence, we do not expect very different local adaptations between these populations. 245
Sweep window sizes: Sweep window sizes could potentially be large for recent strong selection events, but we find no evidence for this. This suggests that we deal generally with small selection coefficients. Assuming an average recombination rate of around 0.9 cM/Mb (estimate based on the maps provided in SHIFMAN et al. 2006) , one would end up with an average selection coefficient of s ~0.008 for the average window 250 size of 126kb (see Methods). Although this result is likely to be an underestimate of the true selection coefficient, it is in line with the assumption that very strong selection events should be rare in natural populations (JOHNSON and BARTON 2005) . generations. However, the deterministic model is rather conservative for this situation 265 and using an approximation for ε as ε* = 1/(4Ns) (KIM and NIELSEN 2004) would suggest that it takes only ca. 1,200 generations. The affected microsatellite allele would have acquired mutations during this time at a level of about 5% (using the above mutation rate), which is indeed the level that we find. Hence, not much time could have passed since the fixation of the sweep allele, i.e. the onset of this particular sweep 270 should have been no more than 400 -600 years ago (assuming three generations per year).
For all other regions, we find the sweep alleles either at the lower end of the allele spectrum, or within loci with only few alleles, i.e. both indicators of low mutation rate. The loci with inferred high mutation rates that are intermingled among these show 275 always multiple alleles. Hence, the onset of the sweep would have been longer ago in these regions and the signature is only retained in the loci or alleles with low mutation rate. Nevertheless, assuming mutation rates in the order of 10 -5 -10 -6 per generation for such loci, we would still be looking at events that have occurred in the past tens of thousands of generations. 280
We note that it would be more difficult to assess whether a sweep has occurred very recently on the basis of SNP data. Although such data are in principle very useful for identifying the selected site (BEISSWANGER and STEPHAN 2008) , the signatures are retained for extended times, because of the low mutation rates. LD patterns could potentially provide evidence for the age of a sweep in SNP data, but these can be 285 confounded by several variables (MCVEAN 2007) . Hence, the analysis of microsatellite allele patterns has the potential to focus on recent sweeps and to catch adaptation in action.
Frequency of selective sweeps: Our data allow a rough calculation of the frequency of positive selection in natural mouse populations. For this, we take the 290
French/German population split to have occurred 3,000 years ago (CUCHI et al. 2005) .
With an average of three generations per year, this would amount to 9,000 generations in each lineage after the split. If we assume further that our screen would have detected 20kb windows (the window sizes calculated above are larger, but only the centers of these would be detected in our stringent screening procedure), we can calculate that our 295 915-locus screen has covered about 1.8 x 10 7 bp, or roughly 1% of the mouse genome.
Given that 2 and 3 significant regions were detected in each population, we would anticipate that 200-300 sweeps have occurred in 9,000 generations, or one in 30-45
generations. However, we cannot exclude that the German and French populations have actually separated a longer time ago, but certainly not more than 12,000 years ago 300 (RAJABI-MAHAM et al. 2008) . This would still result in a sweep frequency of about one in 100 generations. In fact, this is a conservative estimate, since older sweeps are only detected with loci or alleles with low mutation rates. Moreover, our screening procedure would strongly underestimate the frequency of sweeps that were caused by mutations from standing variation, i.e. where the selected allele is present in multiple copies at the 305 onset of the sweep and can thus be linked to different microsatellite alleles.
There are comparable previous estimates on the frequency of selection in humans and Drosophila. Based on the correlation pattern between recombination rate and nucleotide diversity, NACHMAN (2001) has estimated that one out of fifty substitutions between humans and chimpanzees may have been fixed due to positive 310 selection, which would amount to 1 in 40 generations (calculating a 15 year generation time and 9 million years divergence time in each lineage). Genome data comparison in Drosophila suggests that the rate of amino acid substitution driven by positive selection is about 1 in 450 generations (SMITH and EYRE-WALKER 2002) . The inclusion of conserved non-coding regions in this estimate raises this to up to 10 in 100 generations 315 (ANDOLFATTO 2005 ). An analysis of codons with two-substitutions in mouse versus rat suggests also a strong contribution of positive selection, although the rates cannot be directly compared to the above rates (BAZYKIN et al. 2004) . Thus, there is increasing evidence that positive selection contributes to genome evolution to a degree that exceeds previous inferences (HALDANE 1957) . It has previously been proposed that a 320 high rate of positive selection in natural populations would have consequences for the 14 estimation of population genetical parameters under the neutral model (GILLESPIE 2000; SMITH and EYRE-WALKER 2002) .
Adaptation models: Understanding the dynamics of adaptation processes in natural populations is currently one of the major challenges in evolutionary biology 325 (ORR 2005) and our results can contribute to this discussion. The fact that we find a high frequency of sweeps in natural populations that are not living under significantly different ecological conditions suggests a more or less continuous occurrence of adaptation cycles at many loci across the genome. There are several possible scenarios for this and we can discuss only some of them. 330
One reason for a continuous need for adaptations might be related to the "Red Queen model", which suggests that there is a permanent arms race between parasites and their hosts ( VAN VAALEN 1973) . In this case one would expect that immunity related genes would be the main target of selection. While we found some evidence for sweeps in such genes in our previous study (IHLE et al. 2006) , none of the genes 335 identified in this study appears to be specifically related to immunity. Sexual selection might be another driver of continuous adaptations, in particular for testis expressed genes (KLEENE 2005) . But again we find no excess of such genes in our set. Only the gene in region 5E5 (Brdt -marginally non-significant in the linked locus test) is known to have a specific function in male germ cell differentiation (SHANG et al. 2007) . A 340 more general model along these lines would be intra-specific competition, assumed to be triggered by the density of a phenotype´s competitors (e.g. ROSENZWEIG 1978; CHRISTIANSEN 1988; SINERVO and SVENSSON 2002) . These models would imply that populations would never reach an adaptive peak and hence, continuous adaptations are required, which could affect any type of gene. This mechanism would act more 345 efficiently in populations that have colonized new areas that offer new ecological niches. Thus, this model would explain why we find more significant sweeps in the European populations than in the Kazakh population.
A completely different model would assume that populations that colonize new areas go first through a series of major new adaptations with associated pleiotropic 350 effects (ORR 2005; JOHNSON and BARTON 2005) . Subsequent to the colonization, further adaptation cycles of minor effects might then be required to compensate for adverse side-effects. Again, this would not make a particular prediction towards the types of genes that could be involved, but would imply that signatures of major adaptations would be traceable in comparison to the founder population. 355
For the time being none of these models can be ruled out completely. However, the fact that the gene classes that we identify are broadly scattered suggests that the more general models are more likely to apply. Further insights will be gained by broadening the microsatellite screens across the genome, ideally targeting all loci in many population samples. 360
METHODS 370
Genome Screen: 960 microsatellite loci were assessed using the pooling approach described in THOMAS et al. (2007) . The resulting patterns were visually inspected via pairwise comparisons between the populations within the two subspecies.
Loci showing a complex pattern of peaks (indicating a certain degree of polymorphism) in one population and a relatively simple pattern (indicating extreme reduction in 375 variability) in the second were marked as candidates for selective sweep. In a second step these candidate loci were re-typed for about 40 single individuals from the The linked locus test statistic was done according to WIEHE et al. (2007) . We 395 first identified in each candidate region the one locus with minimal lnRH. Then, we sum the lnRH-values of upstream and downstream flanking loci, whereby the initially identified minimal value is not included. Under the neutral model, standardized lnRH for each locus is independent and approximately standard normal. Therefore, under neutrality, the sum of lnRH -values is still normal. To test whether in a given candidate 400 region observed lnRH -values at k linked loci are compatible with the neutral model, we determine the test statistic and the p-value from the normal distribution with mean 0 and variance k.
As an ad hoc measure for the size of a sweep window we use the following strategy. First, we determine lnRH(X) of the candidate sweep locus X. Then, we 405 determine the genomic region in which lnRH is smaller than lnRH(X)/2 by approaching X from the margins of the region. We call this the "half life" of the sweep window. The estimated sweep window W is twice this value. We then proceed to estimate a selection coefficient associated with an observed sweep window. The deterministic formula which approximates the reduction of heterozygosity at a neutral marker locus due to a 410 selective sweep at a flanking locus is given by 1-ε (2r/s) , where ε = 1/(2N), s is the selection coefficient and r the recombination rate between the two loci (STEPHAN et al. 1992 ). The "half life" can be computed by solving ½ = 1-ε (2r/s) for r. Our final estimate of the sweep window size is four times r (because both sides, upstream and downstream, of the focal locus X have to be considered) and is 415 W = (2 s ln(2)) / ( ln(2)-ln(2 ε) ) / ρ where ρ is the recombination rate per nucleotide (0.009 x 10 -6 in our case). Solving this equation for s yields an estimate for the strength of selection coefficient of the sweep 18 which gave rise to the observed sweep window W. Note that this approach is likely to be an underestimate of the true value, since the deterministic formula above underestimates 420 the size of a sweep window and lnRH(X) is likely to be larger than the actual most extreme lnRH value in the considered candidate region. This leads to an underestimate of s.
